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Dynamic variability in nominally identical structures is an issue widely studied in structural dynamics
community. Small uncertainties and manufacturing tolerances can significantly affect the dynamic
behaviour of spacecraft payload. The aim of this paper is the investigation of such dynamic variability
generated from both mechanical actuators and spacecraft structure itself. Both aspects will be tackled
in this paper, suggesting two distinct approaches able to take into account these variations. First,
vibration sources will be analysed by using real space mechanisms data (i.e. reaction wheels) and
applying the proposed methodology in different cases. Finally, spacecraft structure variability will be
addressed by looking at the dynamic behaviour of the satellite from a subsystem point of view. Such
dynamic variability will then be assessed by the definition of specific margin of uncertainty.
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1. Introduction
The issue of dynamic variability in nominally identical structures has been studied over the last few
decades in several instances. [1] is one of the first study in this field: dynamic response of 50 nomi-
nally identical cars was investigated and, surprisingly, significant differences were detected, especially
at high frequency. Other studies were conducted in the automotive industry where the series production
is very common. [2] shows the effects of different material and geometric parameters on the trans-
fer function variability of nominally identical vehicles. Intuitively, as the considered assembly gets more
complex, such dynamic scatter becomes more and more significant. Hence, when dealing with spacecraft
structures, this issue becomes a primary concern. Different studies, including [3] and [4], show dynamic
scatter in terms of generated vibration response of nominally identical spacecrafts. This is common when
dealing with constellation of satellites, whose dynamic behaviour should theoretically be the same. Such
discrepancy is mainly due to manufacturing tolerances and non-modelled uncertainties, such as electrical
harness and non-linear joints. Several attempts have been made to try and account for uncertainties. One
of the most promising is the approach developed in [5], where a mathematical framework is developed
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to account for a wide range of uncertainties. Unfortunately such approach is limited when dealing with
complex assemblies. Currently, the most robust technique relies on the Monte-Carlo simulations (MCS),
which allows the variations of geometric and structural parameters to obtain a statistical distribution of
the vibration output. This is considered as the most robust technique but shows several limitation in terms
of computational time, [6]. Since in space applications, subsystem decomposition is quite popular, one
of the best-suited idea for uncertainty evaluation has been the use of Component Mode Synthesis (CMS)
methods, [7]. In particular, in this paper the Craig-Bampton reduction method in a modified flavour is
considered, i.e. Craig-Bampton Stochastic Method, [8]. Such approach allows to modify the main pa-
rameters of the structure independently for each subsystem considered. Currently, CBSM adopts some
perturbations in order to account for the uncertainties in the analysis. The values of these perturbations is
obtained from a trial and error procedure. The aim of this paper is to present a methodology that enables
a clear evaluation of such parameters.
Analogously, uncertainties can arise not only from the spacecraft bus but also from the vibration actuators
mounted on it, whose goal is to perform specific tasks to keep the spacecraft operative. Such variability of
the sources is mainly due to imperfections within the inner mechanisms of the devices. Reaction wheels
are an example of this issue. They are mechanical devices adopted to guarantee the correct attitude of
the spacecraft. Such devices produce some side effects, known as micro-vibrations that can be amplified
through the spacecraft structure and reach the payload. This can lead to performance degradation of the
payload instrumentation, especially if the spacecraft is equipped with sensitive optical sensors, [9].
Hence, the aim of this paper is to suggest a comprehensive methodology to account for both uncertainties
when performing the assessment of the dynamic behaviour of the spacecraft. This is accomplished by
showing two separate approaches to tackle both categories of uncertainties.
2. Methodology
The approach described in this paper can be divided into two main methodologies: first, the vibration-
source related uncertainties are addressed. The theory behind the proposed approach is described and
applications to a real spacecraft are discussed. Then, structure-related uncertainties are considered. Here
a variation of the classic Craig-Bampton reduction scheme, i.e. Craig-Bampton Stochastic Method, is
used and the logic behind the selection of the perturbation parameters is shown. Such analysis is per-
formed for a structural element of a real spacecraft platform, i.e. SSTL − 300. The reason for splitting
in such way the procedure can be understood looking at Equation 1 where H(f) is the transfer function
of the structure between input and output location. This is usually expressed in terms of force as input
and displacement or acceleration in output. It is a 6x6xNF matrix where NF is the number of frequency
steps considered in the analysis. Apex H indicates the Hermitian operation of the matrix.
UOUT(f) = H(f) ·ΨIN(f) ·HH(f) (1)
ΨIN(f) is the matrix of the vibration input generated by the on board mechanism, i.e. reaction wheel.
It is a 6x6xNf matrix as well. UOUT(f) is the response of the structure which is subjected to the load
specified in ΨIN(f). This load is then propagated through the structure to the output location. Such
propagation pattern is described by H(f). Hence, it can be seen that all the information related to the
vibration sources are embedded in ΨIN(f), while all the features of the spacecraft bus are included in
H(f). It is then very convenient to separate the investigation of uncertainties in source and spacecraft-bus
related. Each category will influence only one member of Equation 1.
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2.1 Uncertainties produced by micro-vibration sources
As already stated, mechanisms inside micro-vibration sources are affected by manufacturing toler-
ances and imperfections. For this reason the generated vibration signal of nominally-identical devices
can show a dynamic scatter, [10]. This is visible in Figure 1 where the RMS of the reaction wheel de-
Figure 1: RMS of the measured disturbances FX(t) and FY (t) in blocked configuration for 51 nominally
identically RWs at fixed rotational speed ω
vices oscillates between 0.09N and 0.22N for signals FX(t) and FY (t). In order to account for such
variability, the dynamics of the reaction wheel needs to be investigated. When spinning at constant speed,
ω, the reaction wheel displays some spikes in the generated vibration. This is mainly due to the presence
of defects and indentation on the inner mechanisms. From Figure 2, it can be noticed that in time domain
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Figure 2: Train impulse due to defect
the outer cage (red dot in Figure 2a) generates an impulse train (orange signal in Figure 2b) superimposed
with background noise. This impulse train contains specific frequency information and is represented in
the frequency domain as a spike. Hence, these points, called harmonics of the reaction wheel, are the
key features for defining the generated signal of the reaction wheel. This is typically expressed as a
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disturbance input matrix, ΨIN(f), in the frequency domain using the power spectral density. This ma-
trix contains information of the generated signal at all the frequency steps NF considered in the analysis
along the 6 directions. When a batch of N reaction wheels is characterised, it can be noticed that the am-
plification factor of such harmonics can differ from wheel to wheel. As already explained, this is due to
tiny differences from the manufacturing process. Instead of characterising each wheel separately on the
structure under investigation, it would be beneficial to have an unique ΨIN representing the entire batch
of wheels. To obtain this, a methodology is proposed, which is based on the maximisation of the effects
between signals along different directions and is called Maximum Cross-Correlation Method (MCCM ).
The details of the specific methodology are reported in [11], here the main results and applications are
shown. Such maximisation is performed by closely looking at the ΨIN matrix. In particular, as explained
in [11], the off-diagonal terms of the matrix play an important role as they become relevant when an har-
monic occur. The suggested approach introduces a new way of accounting for these terms. That is where
the main innovation of the methodology lies. Past studies, [12], tend to exclude off-diagonal terms from
the structure ΨIN(f). This is shown to be true only in some circumstances, [3].
2.2 Dynamic variability in the spacecraft bus
The second category of uncertainties is embedded in the term H(f) of Equation 1. Here, all the
features of the spacecraft structure are included and the propagation pattern of the load is described from
input to output location. This second category is as complex as the first one as it encompasses mul-
tiple uncertainties: they span from simple geometrical and material properties to more complex issues
such as cable harness distribution. Such variability can be seen in Figure 3 where 3 nominally-identical
spacecraft show a dynamic scatter that becomes important as frequency increases. The approach selected
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Figure 3: Dynamic response of 3 nominally-identical DMC − 3 flight models
here starts from a modification of the classical Craig-Bampton (CB) reduction method, [13], which is the
Craig-Bampton Stochastic Method (CBSM), [4].Within this approach, it is possible to include perturba-
tion in the constitutive mass and stiffness matrices of each subsystem reduced within the CB approach.
Each subsystem retains some physical DOFs B (interface between subsystems + input/output location +
boundary points) and a set of modal coordinates m, whose number depends on the dynamic behaviour
of the structure. Assuming a subsystem reduction as the one displayed in Figure 4, three subsystems are
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Figure 4: Structural reduction of top panel of SSTL− 300
identified. Each of them is reduced and its constitutive matrices are defined as follows:
Ki =
[
KiBB 0
0 ω˜2i
]
Mi =
[
MiBB M˜iBm
M˜imB I
]
(2)
For both matrices, Ki and Mi, the top left term includes the corresponding matrix of the preserved physi-
cal DOFs. The bottom left term of the stiffness matrix, i.e. ω˜2i , represents the eigenvalue of the subsystem
i. Looking at mass matrix, the off-diagonal terms M˜iBm are the modal participation factor (MPF) of the
subsystem i (note from now on M˜iBm will be indicated simply as MPF). In order to include uncertain-
ties in the dynamic of the structure, stiffness and mass matrices for each subsystem are perturbed before
reassembling them.
This is done by modifying the eigenvalue ω˜2i and MPF. Unfortunately, the change of these parameters
cannot be done randomly, especially for the MPFs. This is clearly explained in [14], where it is proven
that stiffness and mass matrices from the CBSM need to be kept semi-definite positive when randomised.
One of the main achievements of such study is that, while the eigenvalues can be directly randomised,
the same cannot be done for the MPFs. These, in fact, are complex indices of the dynamic behaviour
of the structure and directly perturbing them can lead to physically meaningless results, such as negative
eigenvalues and masses. A support matrix R˜ is then defined, which can be shown to be a rotational-
shaped matrix, details can be found in [14]. Such matrix is directly linked to the MPF portion of the
mass matrix. Instead of perturbing MPF, a rotational angle θi is specified. In this study an optimisa-
tion procedure is suggested. Such approach allows to define a cost function J = J(ωi,PARi,n) where
PARi,n = [ki,n θmax,i,n], being n the considered subsystem, ki,n the perturbation of the eigenvalues ω˜2i
and θmax,i,n the angle specified in R˜ for MPF perturbation. For each mode number ωi, the set of param-
eters PARi needs to be determined through the optimisation procedure.
2.2.1 Multi-variable Optimisation
Assuming the structure has been reduced in NS subsystems and it displays NM modes in the fre-
quency range of interest, the optimisation scheme needs to provide 2NMNS outputs. The minimisation
of the cost function J(ωi, PARi,n) is performed with respect to the experimental data available. The J
function compares, for each iteration of the optimisation method, the modal assurance criterion (MAC)
between the experimental and the CBSM mode shapes.
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Figure 5: Flow chart for evaluation of perturbation parameters (dotted blue: optimisation flow) valid for
an eigenvalue ωi.
3. Application
Results are now shown for the two different categories under examination. Applications to real case
spacecraft elements are discussed.
3.1 Source-generated uncertainties
Here a batch of 30 nominally-identical RWs is considered: the dynamic of these devices has been
recorded in time domain in a blocked-configuration where the disturbances along the 3 axial directions
have been measured. A fixed wheel speed ωRW = 4800 rpm is considered for the simulations.
The structure under analysis is a structural qualification model (SQM) of the platform SSTL − 300.
Details of the structure can be found in [11]. The proposed methodology is compared with the classical
approach, i.e. disturbance input matrix ΨIN purely diagonal. Results are expressed as output acceleration
(see Equation 1), where the transfer function matrix H(f) is given and the simulations only act on the
ΨIN. They are shown in Table 1, where an average of 15 simulations is reported. Each of them is obtained
by setting a different mounting configuration of the reaction wheel in terms of orientation with respect
to the spacecraft. MCCM is obtained by using as input matrix the one generated from the proposed
approach. DIAG simply includes the maximum of each diagonal terms for the 30 wheels considered.
These results clearly show the improvement using MCCM compared to the DIAG case. It is possible
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to reduce the uncertainty factor when calculating the effects of reaction wheel on the micro-vibration
budget.
Table 1: Comparison of responses along direction X: each value is the average of 15 different configura-
tions. Values indicate the ratio between the considered response and the benchmark case at ωRW = 4800
rpm.
Harmonic number MCCM uncertainty factor DIAG uncertainty factor
1.02 1.00 2.16
1.23 1.29 1.37
2 1.06 1.52
3.91 1.3 1.7
4.51 1.16 1.58
4.87 1.05 1.29
Average 1.14 1.60
3.2 Identification of CBSM best parameters
As shown in Figure 5, the first step is the extraction of the test mode shapes. The structure under
analysis is the one depicted in Figure 4. This is done by using poly-reference Least Squares Complex
Frequency (pLSCF) scheme. It is an iterative methodology that provides, at each order, a clear stabilisa-
tion chart indicating which peak can be considered structural poles rather than numerical ones. At each
iteration, the methodology checks if the pole previously detected is still present and is stable within some
given threshold for damping and frequency. The main settings have been specified to 1% for frequency
consistency and 5% for damping consistency. In the simulations used, the panel has been divided into
two subsystems: first subsystem is subsystem 1 in Figure 4 while subsystem 2 is the composition of 2
and 3 in the same Figure.
The optimisation is run separately for each mode number considered. As shown in Figure 5 the optimi-
sation stops when the size of the input parameters is below a certain threshold.
Table 2 summarises the results in terms of perturbation parameters for the first 5 modes. It can be noticed
Table 2: Optimisation results for CBSM perturbation parameters
Mode number ω˜1/ω1 ω˜2/ω2 θmax,1 θmax,2 Final MAC
1 0.15 0.8 0.5 2.0 0.99
2 0.13 0.7 2.5 5 0.95
3 0.12 0.96 7 5 0.92
4 0.4 0.3 7.2 9.7 0.92
5 0.5 0.4 7.6 9.3 0.93
that as mode number increases also the perturbation parameters affecting MPF increase. This can be
explained as higher frequencies correspond to an higher degree of uncertainty.
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4. Conclusions
This paper has presented the work done in terms of uncertainty identification for both vibration source
and spacecraft bus. A methodology has been presented to reduce the uncertainty margin associated to
the reaction wheel generated vibrations (a factor of 0.5). A quantitative evaluation has been proposed
to estimate the perturbation factors for the CBSM. These results could be used as a guideline for the
application of the CBSM for structural analysis.
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